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Abstract Pharmaceuticals have gained significant atten-

tion in recent years due to the environmental risks posed by

their versatile application and occurrence in the natural

aquatic environment. The transportation and distribution of

pharmaceuticals in the environmentalmediamainly depends

on their sorption behavior in soils, sediment–water systems

andwaste water treatment plants, which varies widely across

pharmaceuticals. Sorption of ibuprofen, a non-steroidal

anti-inflammatory drug, onto various soil minerals, viz.,

kaolinite,montmorillonite, goethite, and activated carbon, as

a function of pH (3–11), ionic strength (NaCl concentra-

tion: 0.001–0.5 M), and the humic acid concentration

(0–1,000 mg/L) was investigated through batch experi-

ments. Experimental results showed that the sorption of

ibuprofen onto all sorbents was highest at pH 3, with highest

sorption capacity for activated carbon (28.5 mg/g). Among

the minerals, montmorillonite sorbed more ibuprofen than

kaolinite and goethite, with sorption capacity increasing

in the order goethite (2.2 mg/g)\ kaolinite (3.1 mg/g)\

montmorillonite (6.1 mg/g). The sorption capacity of the

selected minerals increased with increase in ionic strength of

the solution in acidic pH condition indicating that the effect

of pH was predominant compared to that of ionic strength.

An increase in humic acid concentration from low to high

values made the sorption phenomena very complex in the

soil minerals. Based on the experimental observations,

montmorillonite, among the selected soil minerals, could

serve as a good candidate to remove high concentrations of

ibuprofen from aqueous solution.
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Introduction

In recent years, pharmaceutical waste management has

emerged as a critical aspect of environmental waste man-

agement practice, worldwide. According to the US EPA,

the regulatory distinction between the hazardous waste and

the medical waste has hampered a truly environmentally

protective approach to the very complex issues surrounding

pharmaceutical management. Pharmaceutical toxics are

released into the water system, from many point and non-

point sources. There is also a growing concern about the

level of excreted pharmaceutical compounds from waste-

water systems that may end up in the water supply (con-

centrations are usually\1 lg/L) as a parent compound or

metabolite, and thus adversely affecting the human health

and the environment (Behera et al. 2011; Daughton and

Ternes 1999; Winker et al. 2008). Ibuprofen (C13H18O2),

also known as a-methyl-4-(2-methylpropyl)-benzene acetic

acid, is an antipyretic product and has been classified as a

non-steroidal anti-inflammatory drug (NSAID). It is widely

used in the treatment of rheumatic disorders, pain and fever

(Mestre et al. 2007) and is one of the important drugs

included in ‘‘Essential Drugs List’’ of World Health

Organization, which results in its massive production

worldwide (Heckmann et al. 2007). Table 1 illustrates the

different physico-chemical properties of ibuprofen. Due to
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relatively low metabolism and absorption in the human

body, most of the administered ibuprofen is excreted via

feces and urine in the form of its parent compound or

water-soluble metabolites and consequently released into

the environment (Buser et al. 1999). Ibuprofen is slightly

soluble in water, at neutral and acidic pH, and on the other

hand, it is readily soluble in organic solvents, and exhibits

high mobility in the aquatic environment (Mestre et al.

2007). The presence of ibuprofen in the aquatic environ-

ment has been shown to inhibit the growth of duck-

weed Lemna minor at various concentrations ranging from

1 lg/L to 1 mg/L with the strongest effect observed at

1 mg/L (Pomati et al. 2004), and affect the reproduction of

crustacean Daphnia magna at a minimum concentration of

13.4 mg/L (Heckmann et al. 2007). The conventional

treatment practices in wastewater treatment plants are not

usually designed to eliminate and/or degrade the pharma-

ceuticals. They can be partially eliminated in biological

treatment systems, while majority of the non-treated

pharmaceuticals tends to accumulate in large water bodies

(Hernando et al. 2006). In this context, removal of ibu-

profen from the water environment is considered important

and requires improvised, yet cost-competitive technologies

to ensure a sustainable natural environment.

Adsorption is a versatile treatment technique practiced

widely for regulating mobility of chemical species and

their geochemical cycles in the environment (Mohanty

et al. 2006). Adsorption using activated carbon is ideal for

removing small molecular organic compounds due to the

availability of high surface area, and combination of well-

developed pore structure and surface functional group

properties (Dąbrowski et al. 2005; Li et al. 2002). Removal

of several pharmaceuticals by activated carbon has been

demonstrated (Behera et al. 2010; Synder et al. 2007;

Ternes et al. 2002). The removal of ibuprofen from

aqueous phase using commercially available activated

carbon and activated carbon prepared from wastes such as

cork and plastic have been reported in the literature

(Melillo et al. 2004; Mestre et al. 2007, 2009). However,

high cost and difficulty in regeneration of the activated

carbon (Al-Futaisi et al. 2007; Chakraborty et al. 2005;

Eren and Afsin 2007; Gürses et al. 2004) drive researchers

to look for low cost materials having reasonable adsorption

capacity as substitutes for activated carbon (Crini 2006;

Gürses et al. 2004; Zohra et al. 2008). On the other hand,

when natural attenuation of pharmaceuticals in soil is

considered from a sustainability view point, inorganic soil

components (clay minerals, iron/aluminum oxides etc) can

play a synergistic role on the sorption phenomena (Sun

et al. 2008). Clays and associated soil minerals have sev-

eral advantages over other commercial-grade adsorbents;

high adsorption capacity, non-toxicity, large potential for

ion-exchange resulting from a net negative charge on the

structure of the minerals, and colloidal dimensions to sorb

different kind of molecules (Alkan et al. 2007; Babel and

Opiso 2007; Parolo et al. 2008; Vimonses et al. 2009).

Thus, pharmaceuticals like ibuprofen having single or

multiple ionized groups are expected to interact strongly

with inorganic soil components that are highly polar/

charged.

The fate and transport of pharmaceuticals in natural

environment is usually governed by sorption reactions. The

sorption and transport of ionizable compounds, e.g., ibu-

profen, are strongly affected by the solution pH. This is

because the changing pH might cause protonation–depro-

tonation transition of the functional groups in ibuprofen

molecule and sorbents, therefore influencing their mutual

interactions and the sorption properties of ibuprofen.

Similarly, the reactivity of both ibuprofen molecules and

sorbents could be modified by the electronic screening

effect as ionic strength changes. Besides, it has also been

shown that the structural properties of organic solutes and

humic acids (HA) exhibit combined effects on sorption

characteristics (Sun et al. 2008).

In this study, the sorption of ibuprofen onto two major

clay minerals (kaolinite and montmorillonite) and goethite,

a hydrous iron oxide, commonly found in soil was assessed

experimentally. In an effort to delineate the fate and

transport of ibuprofen in the natural environment, sorption

behavior of ibuprofen under various solution chemistry

conditions viz., pH, ionic strength and HA was compared

using the batch sorption approach. Furthermore, the sorp-

tion capacities of the selected minerals were compared with

that of activated carbon to justify the application of min-

erals as alternative sorbents for ibuprofen removal from

aqueous phase. This research was performed in Ecosystems

Table 1 Physico-chemical properties of ibuprofen

CAS No. Molecular structure MW Log Kow pKa Water solubility (mg/L)

15687-27-1 206.3 3.97 4.91 21

Source Trenholm et al. (2006)
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Laboratory, University of Ulsan, South Korea during

March to July 2009.

Materials and methods

Sorbents and their characterization

The charcoal-based activated carbon in granular form

(from DC Chemical Co. Ltd, Seoul, Korea) was washed

and rinsed with distilled water to remove fines, dried at

105�C overnight and stored in a desiccator until use.

Kaolinite (in the form of Kaolin) was obtained from Junsei

Chemical Co., Japan and montmorillonite (in the form of

Bentonite) was obtained from Yakuri Pure Chemicals Co.,

Japan. Goethite (a-FeOOH) particles were synthesized by

reaction of 0.15 M Fe (NO3)3 with 2.5 M KOH, following

a previously reported procedure (Kosmulski et al. 2003).

The precipitate was washed with 0.01 M HNO3 solution

five times followed by washing with Milli-Q water three

times. After centrifugation, the resulting material was dried

at atmospheric temperature. The particle size analysis of

activated carbon was performed by sieve analysis, as per

ASTM standard specification, and those of kaolinite,

montmorillonite and goethite was evaluated using a laser

particle size analyzer (Malvern, mastersizer 2000). A Bru-

nauer-Emmett-Teller (BET) surface analyzer (SA 3100,

Beckman Coulter) was used to measure nitrogen adsorption

at 77.3 K and the surface area of the sorbents was calcu-

lated from the isotherms using the BET equation. The

surface morphology of all the sorbents was analyzed using

scanning electron microscopy (SEM) (Hitachi Model

S-2380 N, Tokyo, Japan). The determination of point of

zero charge (PZC) of all sorbents was carried out by pH

titration procedures (Faria et al. 2004).

Chemicals and sample preparation

Ibuprofen (99%) was obtained from Sigma-Aldrich Co., St.

Louis, MO, USA. Ibuprofen stocks were prepared by dis-

solving 100 mg of ibuprofen in 100 ml of HPLC grade

methanol (SK Chemical, Ulsan, Korea), stored at 4�C and

was used within a month of preparation. The sample

solutions for all sorption tests were prepared by spiking the

stock solution with 10% methanol (prepared with ultra-

pure water) to achieve the concentration levels of interest

(Mestre et al. 2007). The fraction of non-ionized and ion-

ized forms of ibuprofen as a function of pH will affect the

sorption of ibuprofen to various sorbents. For a given pH,

the fraction of anionic ibuprofen (a1) can be estimated by

Eq. (1) (Schwarzenbach et al. 2003):

a1 ¼
A�½ �

CT;A

¼
A�½ �

NA½ � þ A�½ �
¼

1

1þ 1
10ðpH�pKaÞ

ð1Þ

where CT,A = number of moles of species containing A

(ibuprofen), [NA] = concentration of non-ionized ibupro-

fen, [A-] = concentration of anionic ibuprofen. The frac-

tion of non-ionic ibuprofen can also be estimated by the

same manner as anionic fraction. HA stock solution was

prepared by dissolving commercial HA in the form of

sodium (HA, CAS: 68131-04-4, Aldrich, St. Louis, MO,

USA) in ultra-pure water and stirred for about 24 h. Then

the solution was filtered through a 1.2-lm GF/C filter

(Whatman�, England) to remove remaining particulate

material (Ra et al. 2008). The solution was stored in dark at

48C until use. The sample solutions containing HA were

produced through diluting HA stock solution with ultrapure

water. NaCl with a purity of 99.5% (DC Chemical Co. Ltd,

Seoul, Korea) was used to make solutions of various ionic

strengths. All chemicals were used without further

purification.

Batch sorption experiments

Batch sorption experiments were conducted in a series of

100-mL glass bottles containing 50 mL of 60 mg/L ibu-

profen solution. Predetermined concentrations of sorbents

(1 g/L), were added to these bottles, fitted with Teflon-

lined rubber septa and were sealed airtight with aluminum

caps. Preliminary tests showed no detectable sorption on

these materials. All the experiments were performed in the

dark in a thermostat controlled shaker (iNtRON Biotech-

nology Co. Ltd., Korea), maintained at 200 rpm and a

pre-set temperature of 25�C. Based on the results from

preliminary kinetic studies, stirring time of 6 h was

selected as equilibrium time for all the sorbents. On com-

pletion of the sorption experiments with activated carbon,

samples were filtered through 0.45-lm membrane filters

(Advantec, Pleasanton, CA, USA) to separate the activated

carbon particles from the aqueous phase. During the

sorption experiment with minerals, separation of the liquid

from the solid phase was achieved by centrifugation at

5,000 rpm for 10 min, followed by filtration of the super-

natant using 0.45-lm membrane filters. Preliminary

experiments showed no detectable retention in this filter

type. The ibuprofen concentration in the filtrate was mea-

sured by a high performance liquid chromatography

(HPLC) (Ultimate� 3000, Dionex, Sunnyville, CA, USA).

The amount of sorbed ibuprofen was calculated from the

difference between the amount of ibuprofen initially added

to the system and that remained in the solution after

equilibration using Eq (2):
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qe ¼
ðC0 � CeÞV

M
ð2Þ

where qe is the sorption capacity (mg/g), C0 and Ce are

the initial and equilibrium concentrations in the solution

(mg/L), respectively, V is the volume of the solution

(L) and M is the mass of sorbents (g).

The effect of pH on ibuprofen sorption was also inves-

tigated in batch mode. The solutions were first prepared by

diluting the stock solution using 10% methanol and the pH

values (3–11) were adjusted using a few drops of 0.1 M

HCl or NaOH. Ibuprofen concentration, sorbent dosage and

the solution temperature were fixed at 60 mg/L, 1 g/L, and

25�C, respectively. For ionic strength and HA effect

studies, under similar experimental conditions, NaCl and

HA concentrations were varied between 0.001–0.5 M and

0–1,000 mg/L, respectively. The concentration of HA was

determined by a UV–Vis spectrophotometer (Shimadzu,

model UVmini-1240, Japan) at a kmax of 254 nm (Ra et al.

2008). All the experiments were carried out in duplicate

and the mean values were reported. The relative errors of

the data were within 5%.

Chemical analysis

An HPLC system (Ultimate� 3000) (Dionex, Sunnyville,

CA, USA) equipped with a Discovery� RP-Amide C-16

column (150 mm 9 4.6 mm I.D., 5 lm) (Supelco, Belle-

fonte, PA, USA) and an UV–Vis detector was used to

measure the ibuprofen concentrations at a detection

wavelength of 230 nm. The mobile phase used for elution

was 25 mM KH2PO4 at pH 3.0 (40%) and acetonitrile

(60%), delivered at 1 mL/min through the column. A

sample injection volume of 100 lL was used. The column

temperature was maintained at 30�C. For quantification

purpose, a calibration plot was performed within the range

of experimental concentrations used [coefficient of deter-

mination (R2) greater than 0.99].

Results and discussions

Sorbent characterization

The physical properties and the surface morphology of

sorbents influence the adsorption capacity. As a first step in

characterization, the BET surface area of activated carbon

and soil minerals was determined based on their nitrogen

sorption isotherms. SEM technique was employed to

observe the surface morphology of the sorbents. Figure 1

showed the SEM pictures of all sorbents. It can be seen

from Fig. 1a that the external surface of activated carbon is

full of cavities. The varieties of pores with different shapes

could also be clearly identified from this micrograph,

which accounts for the higher BET surface area of acti-

vated carbon (Table 2). In Fig. 1b, individual platelets of

kaolinite are noticeable. Consequently, kaolinite clay had a

smaller surface area. Montmorillonite showed its ordered

and layered structure as observed from Fig. 1c. Goethite

exhibited typical needle-type crystals as shown in Fig. 1d

(Sparks 2003). The PZC of sorbents is a very important

surface property and can be defined as the point where an

adsorbent have zero potential charge on its surface. The

presence of H? or OH- ions in solutions may change the

potential surface charges of sorbents. If the solution pH is

lower than the pHpzc of a sorbent, the surface functional

groups on the sorbents will be protonated by the excess H?

ions; on the contrary if the solution pH is higher than the

pHpzc of a sorbent, the surface functional groups on the

sorbent will be deprotonated by the OH- ions present in

the solution (Kubilay et al. 2007). The PZC, BET surface

area, and particle size of all sorbents are shown in Table 2.

Effect of pH on ibuprofen sorption

The solution pH is a parameter of great interest in sorption

processes in aqueous phase as it determines the charge of

both the sorbent and the sorbate and thereby governs the

sorbent–sorbate electrostatic interactions (Bautista-Toledo

et al. 2005). Results showed the sorption capacity of acti-

vated carbon to be 28.5 mg/g at pH 3 (Fig. 2a). As pH was

increased to 11, sorption capacity gradually decreased

reaching a value of 6.43 mg/g. In terms of removal effi-

ciency, it was 48% at pH 3 and decreased to 11% at pH 11.

Similar result has been reported when powdered activated

carbons made from cork waste were used for ibuprofen

sorption from water. A removal efficiency of 90% was

obtained between pH 2 and 4, which decreased with

increase in pH to 11 (Mestre et al. 2007). The sorption

capacities of kaolinite, montmorillonite and goethite were

3.1, 6.1 and 2.2 mg/g, respectively, at pH 3 (Fig. 2b–d).

However, sorption capacities of these minerals decreased

dramatically to 0.4, 2 and 1 mg/g, respectively, at a pH of

11. In terms of removal efficiencies, they were 6, 12 and

4%, respectively, for kaolinite, montmorillonite and goe-

thite at pH 3 and subsequently decreased to 0.8, 3.7 and 2%

at pH 11.

Changes in pH affected the dissociation of the ibuprofen

molecule. According to the dissociation constant of ibu-

profen (pKa = 4.91), more than 50% of the ibuprofen is

expected to be deprotonated at pH[ pKa. Generally, an

increase in the solution pH results in partially or fully

deprotonated surface functional groups and thus a loss of

positive charge and/or build up of negative charge (Wang

et al. 2007). When sorption occurs above pH 9 (pH[ pKa),

the anionic form of ibuprofen is dominant in solution and
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additionally overall surface charge on the activated carbon

is negative when the solution pH is greater than pHpzc

(6.88). In this case, the sorption capacity is reduced due to

electrostatic repulsion between the deprotonated ibuprofen

and the negatively charged activated carbon surface. At

acidic pH, in contrast, the net charge on activated carbon

surface is positive and ibuprofen is mainly non-dissociated.

Thus, repulsive electrostatic interactions are minimized

and sorption is enhanced. With respect to the minerals, as

the surface functional groups are deprotonated at pH[ 5

as indicated by the pHpzc of kaolinite (4.13), at pH[ 3 as

indicated by the pHpzc of montmorillonite (2.15), and at

pH[ 6 as indicated by the pHpzc of goethite (6), an

enhanced electrostatic repulsion between negatively

charged ibuprofen and the mineral surfaces is responsible

for the dramatic reduction in ibuprofen sorption. Thus, as

expected, ibuprofen sorption capacities of these minerals

were decreased when solution pH was increased from

strongly acidic to weakly alkaline conditions.

Furthermore, it is clear from the results that the extent of

ibuprofen sorption onto kaolinite, montmorillonite and

goethite is far less than that onto the activated carbon. This

may be attributed to the open pore structure in activated

carbon (Fig. 1) and lower surface areas of the minerals in

comparison to activated carbon, aside from their likely

variation in surface functional groups. The sorption edges

Fig. 1 SEM images of a activated carbon (9900); b kaolinite (97,000); c montmorillonite (940,000); and d goethite (920,000)

Table 2 Properties of sorbents

Property Activated carbon Kaolinite Montmorillonite Goethite

Average particle size 1.5 mm 6 lm 60 lm 28 lm

BET surface area (m2/g) 738.8 2.31 34.28 2.82

PZCa 6.88 4.13 2.15 6

a Determined by the method mentioned in Faria et al. (2004)
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indicated a more favorable interaction of the fully pro-

tonated ibuprofen molecule with montmorillonite than

kaolinite and goethite. Greater ibuprofen sorption to

montmorillonite than to kaolinite and goethite was

observed at all pH values. Particularly, at the neutral pH of

7, montmorillonite had an ibuprofen sorption capacity of

60% while kaolinite and goethite had 20% sorption when

compared to activated carbon, meaning that the ibuprofen

sorption capacity of montmorillonite was three times that

of kaolinite and goethite at pH 7. In the entire pH range of

3–11, ibuprofen sorption capacity of montmorillonite was

two to three times higher than kaolinite and goethite. This

could be ascribed to the higher surface area (34.28 m2/g)

and organic matter content (7.8%) of montmorillonite

compared to those of kaolinite (2.31 m2/g and 3.1%,

respectively) and goethite (2.82 m2/g and 3.75%, respec-

tively). The differences in magnitude of ibuprofen inter-

actions within these minerals indicate that mineral type

must be considered when estimating ibuprofen interactions

with clay mineral components. From practical application

view point, montmorillonite, among soil minerals, seems to

have good potential to remove higher amounts of ibuprofen

from water at neutral pH.

Effect of ionic strength on ibuprofen sorption

Ionic strength is an important factor in the study of aque-

ous-phase equilibrium. As shown in Fig. 3a, at pH 3, ibu-

profen sorption onto activated carbon decreased from 32.5

to 24.1 mg/g with increase in ionic strength from 1 9 10-3

to 1 9 10-2 M. With further increase in ionic strength

from 1 9 10-2 to 5 9 10-1 M the sorption decreased from

24.1 to 20.35 mg/g. Overall, there was a decrease by a

factor of 1.6 in ibuprofen sorption with the increase in ionic

strength from 1 9 10-3 to 5 9 10-1 M. It has been

reported previously that electrostatic interactions may be

reduced by increasing the ionic strength of the solution.

This has the effect of screening that reduces all the elec-

trostatic interactions, both attractive and repulsive (Stuart

et al. 1991), which presumably explains the reason why

increased ionic strength resulted in the decreased sorption

of ibuprofen onto activated carbon.

From the investigation of the influence of ionic strength

on ibuprofen sorption onto kaolinite, montmorillonite and

goethite, it was observed that at pH 3, there is almost no

change in the sorption of ibuprofen onto the mineral sur-

faces up to an ionic strength of 5 9 10-2 M (Fig. 3b–d).

However, with the increase in ionic strength from 5 9 10-2

to 5 9 10-1 M, there was an increase in the sorption of

ibuprofen on to kaolinite (from 3.45 to 4.1 mg/g), mont-

morillonite (from 6.81 to 12.05 mg/g) and goethite (from

2.01 to 6.2 mg/g). Theoretically, it is well known that sor-

bent particles and ibuprofen molecules are both surrounded

by an electric double layer due to electrostatic interactions.

Based on the Gouy-Chapman theory of the diffuse double

layer, the thickness of the double layer is compressed by the

increase in ionic strength of the solution (Rashid et al.

1972). At higher ionic strength, the sorption of ibuprofen

will be high owing to the partial neutralization of the

positive charge on the sorbent surface and a consequent

compression of the electrical double layer by the chloride

a

b

c

d

Fig. 2 Effect of solution pH on ibuprofen sorption onto a activated

carbon, b kaolinite, c montmorillonite, and d goethite (C0 = 60 mg/L,

sorbent dosage = 1 g/L)
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ion. The chloride ion can also enhance the sorption of

ibuprofen ion by pairing their charges, and hence reducing

the repulsion between the ibuprofen molecules sorbed on

the surface. This initiates the sorbent to sorb more positive

ibuprofen ions. The increased sorption of ibuprofen onto

mineral surfaces with increase in ionic strength could also

be due to the decrease in solubility of ibuprofen in salt

solution, commonly characterized as ‘salting out’ effect

(Hurle and Freed 1972).

Irrespective of the increase in ionic strength, ibuprofen

sorption onto all the sorbents was almost constant at pH 7.

However, at pH 3, sorption of ibuprofen onto these sor-

bents increased significantly at higher ionic strengths. This

indicates that at pH 3, the effect of pH was predominant

compared to the effect of ionic strength. Despite the

increase in ionic strength, the constant sorption capacity at

pH 7 could be due to the fact that, at pH 7 the anionic form

of ibuprofen (99.2%) is dominant in solution and the

overall surface charge on all the sorbents is negative. This

led to very high electrostatic repulsion between the

deprotonated ibuprofen and the negatively charged sorbent

surfaces, and was most likely to prevail over the effect of

ionic strength at this pH.

Effect of HA on ibuprofen sorption

To examine the effect of natural organic matter (NOM) on

ibuprofen sorption, HA has been selected as a model of

NOM since NOM comprises of *70% HA (Mamba et al.

2009). As depicted in Fig. 4a, ibuprofen sorption onto

activated carbon decreased from 27.7 to 9.5 mg/g, when

the HA concentration was increased from 0 to 100 mg/L. A

further increase in HA concentration to 1,000 mg/L

reduced the sorption capacity to 2.7 mg/g. Overall, there

was a net decrease in ibuprofen sorption by 25 mg/g with

an increase in HA concentration up to 1,000 mg/L. Though

pore blockage and direct site competition are the most

common mechanisms that would have affected activated

carbon sorption in the presence of NOM, Ebie et al. (2001)

suggested that pore blockage is the major contributing

factor compared to the competitive adsorption effect

between NOM and smaller target molecules.

At HA concentration up to 10 mg/L, ibuprofen sorption

onto kaolinite, montmorillonite and goethite decreased from

3.17 to 2.27 mg/g, 5.4 to 1.4 mg/g and 2.2 to 1.5 mg/g,

respectively, (Fig. 4b–d) presumably due to instantaneous

complexation of ibuprofen with HA in aqueous phase as HA

was introduced (Ferreir et al. 2002; Gu et al. 2007). In the

10-50 mg/L HA concentration range, an increased

Ib
u

p
ro

fe
n

 s
o

rb
e

d
 t

o
 M

o
n

tm
o

ri
llo

n
it
e

 (
m

g
/g

)

0

2

4

6

8

10

12

14

pH  3 
pH 7 

Ib
u

p
ro

fe
n

 s
o

rb
e

d
 t

o
 G

o
e

th
it
e

 (
m

g
/g

)

0

1

2

3

4

5

6

7

pH 3
pH 7

Log Nacl (M)

-3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0.0

Log Nacl (M)

-3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0.0

Log Nacl (M)

-3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0.0

Ib
u

p
ro

fe
n

 s
o

rb
e

d
 t

o
 a

c
ti
v
a

te
d

 c
a

rb
o

n
 (

m
g

/g
)

0

5

10

15

20

25

30

35

pH 3
pH 7

Ib
u

p
ro

fe
n

 s
o

rb
e

d
 t

o
 K

a
o

lin
it
e

 (
m

g
/g

)

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

pH  3 
pH 7 

Log Nacl (M)

-3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0.0

a

b

c

d

Fig. 3 Effect of ionic strength on ibuprofen sorption onto a activated

carbon, b kaolinite, cmontmorillonite, and d goethite (C0 = 60 mg/L,

sorbent dosage = 1 g/L, pH = 3 and 7)
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ibuprofen sorption (2.27–5.1, 1.4–3.35 and 1.5–4.7 mg/g,

respectively in kaolinite, montmorillonite and goethite) was

observed, while a higher concentration of HA (100 mg/L)

resulted in an opposite effect. This behavior is consistent

with our previous investigation of triclosan sorption onto

clay minerals (kaolinite and montmorillonite) in presence of

HA (Behera et al. 2010). The increased sorption in the

10–50 mg/L HA concentration range is most probably due

to (1) sorption of HA-complexed ibuprofen onto mineral

surfaces and (2) sorption of free ibuprofen to HA sorbed to

mineral surfaces. Control experiments showed that HA can

be sorbed to all the mineral surfaces regardless of ibuprofen

concentration (data not shown). As previously reported (Ra

et al. 2008), it is clear that the increased amount of HA at

mineral surfaces can result in enhancement of the sorption

of pharmaceuticals via hydrophobicity. Additional experi-

ments with HA-sorbed clays indicated that meaningful

amount of ibuprofen can further be sorbed (data not shown).

In contrast, the decreased ibuprofen sorption in the

50–100 mg/L HA concentration range (as in case of kao-

linite and montmorillonite) and in the 50–200 mg/L HA

concentration range as in case of goethite may be explained

by re-partitioning of ibuprofen between clay-associated HA

and HA in the aqueous phase. With the increase of HA

concentration in aqueous phase, the amount of HA-com-

plexed ibuprofen is accordingly increased, which results in

decreasing free ibuprofen in aqueous phase. Therefore,

more ibuprofen could be desorbed from the clay surface

(Kulshrestha et al. 2004).

Further increase in HA concentration from 100 to

1,000 mg/L (as in case of kaolinite and montmorillonite)

and from 200 to 1,000 mg/L (as in case of goethite)

increased the sorption of HA-complexed ibuprofen again to

6.66, 8.6 and 8.3 mg/g in kaolinite, montmorillonite and

goethite, respectively. This increase was due to the fact

that, with perturbations in the HA concentration range of

0–500 mg/L, sorption of HA onto the soil mineral surfaces

increased very sharply when HA concentration was

increased to 1,000 mg/L. For instance, at HA concentration

of 1,000 mg/L, the maximum HA sorption by kaolinite,

montmorillonite and goethite were 64, 59.5 and 10.5 mg/g,

respectively. Adsorption of HA onto silicate clays such as

kaolinite and montmorillonite and metal oxide minerals

such as goethite is well established (Schulthess and Huang

1991; Saito et al. 2004). Therefore, the HA-complexed

ibuprofen was sorbed to the mineral surface as well as to

HA associated with the mineral surfaces.

Conclusion

Based on the experimental results of ibuprofen sorption

onto various soil minerals and activated carbon, the fol-

lowing conclusions were drawn:

1. The sorption capacity of the soil minerals and

activated carbon for ibuprofen removal was higher in

acidic solutions than that in alkaline solutions.

2. At the neutral pH (pH = 7), the maximum percentage

of ibuprofen removal by sorption onto activated

carbon, kaolinite, montmorillonite and goethite were

Fig. 4 Effect of HA on ibuprofen sorption onto a activated carbon,

b kaolinite, c montmorillonite, and d goethite (C0 = 60 mg/L,

sorbent dosage = 1 g/L, pH = 4.2)
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13, 3, 9, and 3%, respectively. At this pH, Montmo-

rillonite, among the soil minerals tested under different

conditions, showed comparable ibuprofen sorption

capacity (60%) to that of activated carbon, which has

significance from practical application view point.

3. At lowest pH (pH = 3), the maximum percentage of

ibuprofen removal by sorption onto activated carbon,

kaolinite, montmorillonite and goethite were 48, 6, 12,

and 4%, respectively. The sorption capacity of the

selected minerals at this pH increased with increase in

the ionic strength of solution, which indicated the

effect of pH to be predominant compared to that of

ionic strength.

4. Removal of ibuprofen by activated carbon significantly

reduced from 39.18 to 4.13% when the concentration

of HA was increased from 0 to 1,000 mg/L. On the

contrary, removal by kaolinite, montmorillonite and

goethite was increased from 2.5 to 4.35%, 4.3 to 5.6%

and 1.74 to 5.86%, respectively with some perturba-

tions in the sorption capacities within the studies range

of HA concentrations. This kind of complex behavior

could be attributed to the hydrophobicity of ibuprofen

and affinity of HA towards ibuprofen than the soil

minerals.

5. The information obtained from this study could help in

providing relevant information on the transport and

retention of ibuprofen in soil and subsurface environ-

ment. Further investigation may be warranted to under-

stand the sorption behavior of ibuprofen present in

wastewater at environmentally realistic concentrations.
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